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ABSTRACT 
The Spectral analysis of surface waves (SASW) method has been successfully used in evaluation of elastic moduli profiles of layered 
systems. Recently, there have been attempts to implement the SASW method and surface waves in evaluation of damping/attenuation 
properties of layered systems. Results of numerical simulations are presented for the purpose of explanation of effects of damping 
properties of individual layers on the overall attenuation properties, as measured during actual SASW testing. A parametric study 
conducted examines effects of a number of parameters, including the system stratification that may lead to dominant wave propagation 
in terms of higher Rayleigh modes. Correlations between the overall attenuation characteristics and soil stratification, effect of higher 
Rayleigh modes, damping characteristics of individual layers, was found to be similar to correlations for the surface wave velocity. 
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INTRODUCTION 
The SASW method has been successfully used in geotechnical, 
geoenvironmental and transportation applications for almost 
twenty years. The primary purpose of the SASW application so 
far was evaluation of elastic moduli profiles of layered systems, 
and detection of anomalies in the ground. Although the elastic 
moduli profiles provide the most important information in the 
solution of problems of wave propagation, dynamic soil- 
structure interaction, site response analyses, etc., significant 
improvements and more realistic solutions are obtained, if 
damping characteristics of the evaluated system are provided. 
Damping properties of soils have been successfully evaluated, 
under both low and high strain conditions, and well documented 
in the laboratory (Hardin and Dmevich, 1972; Seed et al., 1986). 
However, experience in in situ damping\attenuation evaluation 
is far lesser and is being conducted under low strain conditions 
only. The surface evaluation has been typically conducted for 
the purpose of evaluation of the overall attenuation 
characteristics of a soil system (Clough and Chameau, 1980; 
Woods and Jedele, 1985). Damping profiling has been 
conducted using crosshole and downhole techniques (Hoar and 
Stokoe, 1984, Mok et al., 1988). Certainly, there is a need for 
evaluation of damping characteristics of layered systems, 
“damping profiling,” using noninvasive methods. Surface waves 
(Lee and Solomon, 1979) and the SASW method (Rix et al., 
2000) provide a potential solution for this purpose. 
The paper presents results of a parametric study conducted for 
the purpose of evaluation of effects of damping properties of 
individual layers on the overall attenuation properties. 
THEORETICAL BACKGROUND 
The SASW test can be modeled as an axisymmetric problem 
(Gucunski and Woods, 199 1 a), as shown in Fig. 1. The essential 
parameters of soil include shear wave velocity V,, density p, 
Poisson’s ratio v and hysteretic damping ratio 5. The solution for 
Rayleigh waves in the frequency-wave number domain can be 
written as 
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Fig. I A schematic of a layered system. 
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PARAMETRIC STUDY 
where [S] is the stiffness matrix and {u} the vector of interface 
displacements. The solution is described in terms of phase 
velocities and spatial distributions of various Rayleigh modes. 
If the damping is included in the description of the layered 
system, phase velocities become complex, thus describing an 
attenuated wave motion. Damping of layers is implicitly 
included in the complex shear modulus 
G’=G( 1+2i[) (2) 
where G is the shear modulus, 5 the hysteretic damping, and 
i=J- 1. Damping\attenuation evaluated from numerical 
simulations can be described in several ways. Herein it is 
described in terms of the decay factor 
The parametric study included evaluation of the effect of 
damping characteristics of individual layers and soil stratification 
on the decay factor. The effect of soil stratification was examined 
on four cases shown in Fig. 2. Case 1 illustrates a case of regular 
CASE 1 
CASE 3 CASE 4 
(3) 
where c is a complex phase velocity. The decay factor defines 
attenuation per wavelength. It can be easily correlated to other 
damping descriptions, like the damping ratio, attenuation 
coefficient, quality factor, etc. Fig. 2 Cases analyzed in the parametric study. 
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Fig. 3 Dispersion curves for the four cases. 
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stratification, i.e. increase of the shear modulus with depth. Case 
3 illustrates a system with a surface layer underlain by a softer 
layer. Cases 2 and 4 illustrate soil profiles with trapped soft and 
stiff layers, respectively. In Cases 3 and 4, a higher velocity 
half-space layer is introduced for numerical stability reasons. 
Dispersion curves for various Rayleigh modes, representing the 
velocity of propagation of Rayleigh waves as a function of 
frequency, for the four cases are presented in Fig. 3. 
Corresponding modal amplitudes (Gucunski and Woods, 1991a) 
are presented in Fig. 4. In Case 1, the fundamental Rayleigh 
mode dominates the field for all frequencies. In other cases, a 
transition of dominant influence towards higher modes can be 
observed (Gucunski and Woods, 199 1 b, Tokimatsu etal., 1992). 
The decay factor as a function of hysteretic damping ratio, for 
the first mode of Case 1, is shown in Fig. 5. In the case of 
damping introduced in all layers (left), the decay factor keeps a 
constant value for the entire frequency range, except in the zone 
that corresponds to the cutoff frequency of the second mode. In 
the case of damping introduced in the surface layer only (right), 
the decay factor decreases towards the factor for the all layers 
damped case, as frequency increases. This can be explained by 
a decrease of the depth of penetration of the body of the 
Rayleigh wave with frequency, leading to a dominant effect of 
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factor corresponds to an increase of damping, as it is illustrated 
in Fig. 6. In this figure the decay factor is compared to the 
effective damping ratio for the second Rayleigh mode of Case 2. 
The effective damping ratio is defined as a ratio of imaginary and 
real parts of the phase velocity. Wolf and Obernhuber (1982) 
have shown that for a small value of material damping, the 
effective damping ratio is approximately equal to the material 
damping ratio. 
The effect of layer damping on the system attenuation 
characteristics is best illustrated by a comparison of Cases 1 and 
2. For the first Rayleigh mode of Case 1, there is an expected 
transition of the dominant contribution to damping from the half- 
space to the second and the first layers, as frequency increases. 
A decrease in the decay factor around 10 Hz follows an 
increased contribution of the damping of the second layer. Plots 
for the decay factor for the first three modes for Case 2 provide 
insight into effects of higher modes and layer properties on 
attenuation characteristics, as well as layer properties-Rayleigh 
mode relationships. Similar to Case 1, the decay factor is fairly 
constant with frequency when damping is introduced in all layers 
(system). The first mode decay factor for Cases 1 and 2 is of 
qualitatively similar pattern, a transition from the half-space to 
the first two layers, as frequency increases. Mode 2 of Case 2 
dominates the wave field between about 25 and 45 Hz (Fig. 4). 
1.2E-05 
’ lE-05 - p7zz--jV.,=BDOl 





Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 
- . . . . . . . . . . . . . . . . . . -.-.- .-.- ----- -..-..-.._.._ 
20 30 40 50 Frequency, Hz 0 10 20 30 40 
Frequency, Hz 
Mode 1 Mode2 Mode3 Mode4 Mode5 Mode6 Mode7 
- . . . . . . . . . . . . . . _._.-.- ---- -..-..-..- m.-. - Mode 1 Mode2 Mode3 Mode4 Mode5 Mode6 Mode7 - . . . . . . . . . . . . . . - . - . . _ - - - - _ . . . . . _ - . 
Fig. 4 Modal displacements for the four cases. 
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Fig. 5 E#ect of hysteretic damping ratio on the decayfactorfor all (lefo and thefirst (right) layer damped. Case 1, mode 1. 
In this frequency range, the dominant contribution to damping only (Fig. 9b), the lowest decay factor for higher frequencies 
is coming from the damping properties of the first layer. Similar follows the dominant mode. In the case of damping in the second 
observation can be made for mode 3 for frequencies higher than layer only (Fig. SC), the first and other, non dominant, modes (at 
45 Hz. This leads to a conclusion that for higher frequencies, or 
shorter wavelengths, damping properties of the surface layer 
frequencies higher than 50 Hz) are controlled by the damping 
characteristics of the layer. Similar observations can be made, not 
dominate the attenuation of surface waves, irrespectively of shown herein, for Cases 3 and 4. -l-his leads to a conclusion that 
which Rayleigh mode is dominant. Similarly, for all cases and damping characteristics of non dominant modes in systems of 
all modes, the half-space damping controls the overall damping irregular stratification are governed by properties of the slowest 
at low frequencies of the first mode, or in vicinity of the cutoff layer, as frequency increases. Again, this is in agreement with 
frequencies of higher modes. I-his is in agreement with observations for the phase velocity, where non dominant modes 
observations of the effect of layer shear wave velocities on the approach the shear wave velocity of the slowest layer in high 
phase velocity of surface waves. frequency ranges. 
The decay factor for the first mode for the four cases is 
compared in Fig. 8. In the case of all layers damped, left, the 
decay factor varies little with frequency. In the case of damping 
in the surface layer only, right, the decay factor curve starts at 1 
for 0 Hz, and follows the “strength” of the first mode afterwards. 
Finally, the effect of layer damping on damping characteristics 
of a particular Rayleigh mode is illustrated for Case 2 in Fig. 9. 
All Rayleigh modes have about the same decay factor for all 
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CONCLUSIONS 
Surface waves and the SASW method have potential for 
evaluation of damping properties of layered systems because of 
a direct relationship between the damping and the complex phase 
velocity of surface waves. Evaluation of damping properties of 
individual layers may be analogous to evaluation of shear wave 
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Fig. 6 Eflect of the hysteretic damping ratio on the decay factor and eflective damping ratio. Case 2, mode 2. 












Fig. 7. Effect of damping of individual layers on the decay factorfor the first mode for Case I and the first three modes for Case 2. 
components, attenuation properties are controlled by the 
damping characteristics of deep layers, while for high frequency 
components by the damping properties of the surface layer. In 
a case of a system with irregular stratification, where higher 
Rayleigh modes may dominate the wave field, damping 
characteristics of the system follow rules similar to those for the 
phase velocity: 1) attenuation is governed by attenuation 
properties of the dominant mode, 2) damping characteristics of 
modes at cutoff frequencies are governed by damping properties 
of the half-space, and 3) non dominant modes are controlled by 
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